The thermal effect of the growth temperature on interface morphology and stimulated emission in ultraviolet AlGaN/InGaN multiple quantum wells (MQWs) are experimentally investigated. During the MOCVD epitaxial growth of AlGaN/InGaN MQWs, the ramping rate from a lower temperature for InGaN quantum wells (QWs) to a higher one for AlGaN quantum barriers (QBs) is intentionally changed from 1.0°C/s to 4.0°C/s. Atomic force microscopy images show that the surface morphology of InGaN QWs, which is improved by a thermal effect when the growth temperature rises to the set value of the AlGaN QBs, varies with different temperature ramping rates. The results of stimulated emission indicate that the threshold pumping power density of MQWs is decreased with increasing temperature ramping rate from 1.0°C/s to 3.0°C/s and then slightly increased when the ramping rate is 4.0°C/ s. This phenomenon is believed to result from the thermal degradation effect during the temperature ramp step. A long-time high-temperature annealing will reduce the density of indium-rich microstructures as well as the corresponding localized state density, which is assumed to contribute to the radiative recombination in the InGaN QWs. Given the great difference between optimal growth temperatures for AlGaN and InGaN layers, a higher ramping rate would be more appropriate for the growth of ultraviolet AlGaN/ InGaN MQWs.
INTRODUCTION
With the composition changes of indium or aluminum, the bandgap energy of the direct-bandgap III-nitrides alloys varies from 0.7 eV for InN to 6.2 eV for AlN continuously, covering the entire spectral range of visible light to far ultraviolet (UV) light. [1] [2] [3] [4] UV light emitting diodes (LEDs) and laser diodes (LDs) are considered to be of great significance for a series of applications, for example, biomedical instruments, biochemical detection, and water purification. [5] [6] [7] [8] [9] InGaN-based UV LEDs and LDs are normally grown on sapphire substrates using metalorganic chemical vapor deposition (MOCVD). However, there are several materials issues for III-N epitaxial films, such as a high defect density (10 8 -10 10 cm À2 ) and a large piezoelectric field due to the large lattice mismatch and the difference in thermal expansion coefficients between InGaN and (Al)GaN layers, resulting in the reduction of the internal quantum efficiency. AlGaN has been used as the quantum barriers (QBs) of InGaN quantum wells (QWs) for UV optoelectronic devices. [10] [11] [12] [13] [14] Unfortunately, it is challenging to optimize the crystal quality of both the InGaN and AlGaN layers in the multiple quantum wells (MQWs), due to the lower growth temperatures and nitrogen environment required for InGaN. Moreover, there is a big difference in the optimal growth temperature between the InGaN and AlGaN layers, which could adversely affect material quality and device performance. The optimum growth temperature of AlGaN QBs is much higher than that of InGaN QWs. The higher optimal growth temperature of AlGaN QBs causes the thermal degradation and decomposition for InGaN QWs, resulting in reduction of radiative recombination rate in the MQWs active region. [15] [16] [17] In order to suppress the negative influence of high growth temperature, we have investigated the effect of temperature ramping rate (R t ) at the ramp step from InGaN to AlGaN on the stimulated emission characteristics of ultraviolet AlGaN/InGaN MQWs.
EXPERIMENTS
The epitaxial growth was performed in an AIX-TRON 6 9 2¢¢ close-coupled showerhead metalorganic chemical vapor deposition reactor system. Trimethylgallium (Ga(CH 3 ) 3 , TMGa), trimethylaluminum (Al(CH 3 ) 3 , TMAl), and trimethylindium (In(CH 3 ) 3 , TMIn) were used for group III precursors while ammonia (NH 3 ) was used for the group V precursor. Figure 1 shows the schematic cross-sectional view of MQWs structures. The substrates employed in this study were sapphire substrates 430 lm thick and 50 mm in diamater (0001). After the growth of a 20-nm low-temperature GaN buffer layer and a 3.5-lm unintentionally doped GaN layer, five pairs of Al 0.12 Ga 0.88 N (7.0 nm)/ In 0.02 Ga 0.98 N (2.5 nm) MQW structures were grown in N 2 ambient with a growth pressure of 40 kPa. The substrate temperatures for AlGaN and InGaN were 940°C and 800°C, respectively. Compared with the indium and gallium atoms, aluminum atoms have a lower surface mobility during migration. [18] [19] [20] [21] [22] The growth temperature for AlGaN QBs in our samples has been reduced to 940°C to suppress the expected thermal damage to InGaN QWs. At the same time, the growth rate of the AlGaN layer was also reduced to a value as low as 0.012 nm/s to improve the surface morphology under this low temperature.
In order to investigate the effect of R t on the surface morphology of InGaN, four types of MQWs with the last layer of InGaN were grown as shown in Fig. 1 . The substrate temperature was elevated from 800°C to 940°C with various R t for these four samples. The R t during the temperature elevation was changed by controlling the value of ramp time. Then, the substrate temperature was lowered to the room temperature with R t of 1.0°C/s. After the epitaxial growth in MOCVD, the surface morphologies of these samples were investigated by atomic force microscopy (AFM, Veeco 3100 SPM) measurement.
RESULTS AND DISCUSSION
The AFM images of MQWs with the top layer of InGaN but different R t at the step of temperature elevation are shown in Fig. 2 . Clear step-flow patterns with abrupt edges were observed. However, there are still some defects located near the edge of steps. From 5 9 5 lm 2 AFM images, the defect density tends to increase with R t . The sample with ramping rate of 1.0°C/s presents the surface morphology with the smallest defect density. When the rate increases from 1.0°C/s to 3.0°C/s, the defect density gradually rises. For 1 9 1 lm 2 AFM images, the measured areas were randomly selected with an increased uncertainty of surface appearance.
For the sample with R t of 4.0°C/s, the surface morphology looks similar with that of 3.0°C/s. The reason is the practical limitation of heater in the MOCVD system. With such a higher ramping rate, growth temperature cannot increase from 800°C to 940°C within a very short time period. This process can be confirmed by the monitoring curves from the LayTec EpiTT system during MQWs growth. As a result, the two samples with R t of 3.0°C/s and 4.0°C/ s have a similar surface morphology under AFM measurement.
After AFM characterization, the wafers were cleaved into Fabry-Perot laser bars and a resonance cavity was obtained. Input power-dependent photoluminescence (PL) measurements were carried out to investigate the stimulated emission characteristics of these samples. The laser bars were optically pumped at room temperature by an ArF excimer laser (Coherent Compex Pro110F, k laser = 193 nm) with a pulse width of 20 ns at a repetition rate of 10 Hz. The pumping light was injected from top surface of MQW structures, while optical amplification spectra and emitting light intensity was collected from facets by an Ocean Optics (Maya 2000Pro) fiber-connected spectrometer. 12 Figure 3 shows the spectra of samples with a ramping rate of 3.0°C/s while the pumping power Epitaxial Growth and Optically Pumped Stimulated Emission in AlGaN/InGaN Ultraviolet Multi-Quantum-Well Structures density rises from 0.71 MW/cm 2 to 1.30 MW/cm 2 . At low pumping power density of 0.71 MW/cm 2 , the photoluminescence spectra exhibited a relatively broad spontaneous emission peak at 373.3 nm with a full width at half maximum (FWHM) of 12.3 nm. As the pumping power density approached 1.13 MW/cm 2 , a narrow peak emerged on the longer wavelength side. The peak developed into a sharp and strong emission with a peak wavelength of 374.64 nm under a pumping power density of 1.30 MW/cm 2 . A superlinear increase of stimulated light intensity was also observed beyond the threshold. At the same time, the FWHM of spectra peak dropped rapidly from 12.3 nm to 2.5 nm. Changes in edge-emitted light intensity and FWHM values have been summarized and listed in Fig. 4 . Given the adjustment of the fiber's position during the optical stimulation measurement for each sample, the values of the optical signal coupled into the spectrometer are different from one another. These data indicate a phenomenon of stimulated emission inside the cavity of AlGaN/InGaN MQW structures.
The values of threshold pumping power density for samples with various R t are summarized and shown in Fig. 5c . It needs to be clarified that the values of threshold pumping power density for our samples are larger than those of full-laser-structure samples due to the lack of optical confinement structures such as waveguides or cladding layers. Figure 5c shows the threshold pumping power density of MQWs with R t of 1.0°C/s and 3.0°C/s is 1.57 MW/cm 2 and 1.24 MW/cm 2 , respectively, which has a 21% reduction with increasing R t . Then, it slightly increases to 1.36 MW/cm 2 when R t is 4.0°C/s. The lowest value of threshold pumping power density, which indicates the highest values of radiation recombination rate as well as internal quantum efficiency in AlGaN/InGaN MQWs, can be obtained with the temperature ramping rate of 3.0°C/s.
To further examine the origin of the better lightemitting performance, surface morphology and photoluminescence spectral data are analyzed in more detail. The root-mean-square roughness (R q ) of 5 9 5 lm 2 and 1 9 1 lm 2 AFM images are plotted in Fig. 5a . R q increases with R t from 1.0°C/s to 3.0°C/s, which indicates the surface gets degraded. When R t increases from 3.0°C/s to 4.0°C/s, R q is decreased. This variation tendency of surface morphology is the result of the thermal effect during the temperature ramping step. Indium-rich microstructures exist both inside and on the surface of InGaN layers due to indium phase separation. 17 When the growth temperature rises from 800°C to 940°C, the InGaN surface is thermally annealed and the indium-rich areas are evaporated. Thus, the surface morphology becomes better with a longer ramping time. As a result, the sample with a higher R t is accompanied by a lower surface roughness.
An abrupt interface in MQWs is considered to be beneficial to radiative recombination rate, as the density of non-radiation recombination centers near the interface has been reduced. However, an inappropriate thermal evaporation process of InGaN layer adversely affects the internal quantum efficiency. In case of an excessive high temperature or a long thermal annealing time, the indium-rich microstructures inside InGaN layers will decompose and indium component will diffuse out onto the surface. Thus, the localized state density in InGaN QWs, which is considered to contribute to increased internal quantum efficiency, is supposed to be lowered. [23] [24] [25] [26] [27] [28] [29] [30] [31] In order to verify the indium composition variation in InGaN QWs, four samples of AlGaN/InGaN MQWs were measured for photoluminescence characteristics. The pumping power density of ArF excimer light source was set to be a fixed value much lower than their threshold power density, which is 0.7 MW/cm 2 in this case. The central wavelength of PL spectra was extracted as shown in Fig. 5b . The central wavelength increases with ramping rate from 1.0°C/s to 3.0°C/s, resulting from the rise of average indium composition inside InGaN QWs. It can be inferred that the indiumrich microstructures have partially decomposed under a longer temperature-ramp time. As the indium-rich microstructures can screen high-density defects or dislocations in InGaN layers, resulting in contributions to increased radiative recombination for AlGaN/InGaN MQWs, the ramping time from InGaN QWs to AlGaN QBs needs to be shortened to reduce negative influence of thermal effect. Consequently, the lowest threshold pumping power density is obtained under a ramping rate of 3.0°C/s, even though its surface morphology is not the smoothest in this situation.
Because of the practical limitation of an electrical resistance-wire heater in our MOCVD system, the growth temperature cannot reach the set value of AlGaN QBs when the ramping time is too short. During the practical growth of AlGaN/InGaN MQWs with R t of 4.0°C/s, the AlGaN crystal quality of the first few atomic layers is not high enough as the actual growth temperature is lower than the set value. The interface and energy barrier profile between InGaN QWs and AlGaN QBs are not as abrupt as in the sample with R t of 3.0°C/s, resulting in a slightly larger value of threshold pumping power density for MQWs with R t of 4.0°C/s. The limitation of the ramp rates generally exists in the heater control configuration of the MOCVD system. The heating curve is set to be linear and the temperature increases gradually to the set point. Thus, the temperature uniformity on the surface of the susceptor can be guaranteed while the unexpected damage of the heater can be avoided. The temperature profile needs to be designed and improved based on the limitation of the system setup.
CONCLUSION
In conclusion, the thermal effect during temperature elevation from InGaN to AlGaN on the interface morphology and stimulated emission performance was investigated for AlGaN/InGaN ultraviolet MQW structures. Four MQWs samples were grown with R t from 1.0°C/s to 4.0°C/s. The AFM measurements showed a surface morphology of clear atomic step-flow patterns for InGaN QW layer. Surface roughness R q in AFM measurement increased with R t from 1.0°C/s to 3.0°C/s due to a lower thermal effect, which evaporated the indiumrich microstructures on surface of the InGaN layers. The stimulated emission was observed for the MQW samples with corresponding phenomena of superlinear enhancement of the emitted light intensity as well as the FWHM narrowing of the spectral peak. The values of threshold pumping power density decreased with increasing R t from 1.0°C/s to 3.0°C/s due to an appropriate temperature ramp step and a corresponding suppressed high-temperature thermal degeneration of indium-rich microstructures inside InGaN layers. The variation of the indium composition inside the InGaN QWs was verified by analysis of the 300 K PL spectra under a pumping power density lower than threshold value. Based on the experimental data, a higher R t will be beneficial to the reduction of the negative effect of thermal degradation on radiative recombination rate in InGaN layers. A shorter time between growth temperatures ramping from InGaN to AlGaN is better to obtain the ultraviolet AlGaN/InGaN MQWs with a higher internal quantum efficiency.
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